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The RNase H activity of retroviral reverse transcriptases (RTs) degrades viral genomic RNA after it has been
copied into DNA, removes the tRNA used to initiate negative-strand DNA synthesis, and generates and removes
the polypurine tract (PPT) primer used to initiate positive-strand DNA synthesis. The cleavages that remove
the tRNA and that generate and remove the PPT primer must be specific to generate linear viral DNAs with
ends that are appropriate for integration into the host cell genome. The crystal structure of human immuno-
deficiency virus type 1 (HIV-1) RT in a complex with an RNA/DNA duplex derived from the PPT revealed that
the 5’ end of the PPT deviates from traditional Watson-Crick base pairing. This unusual structure may play
a role in the proper recognition of the PPT by HIV-1 RT. We made substitution mutations in the 5’ end of the
PPT and determined their effects on virus titer. The results indicated that single and double mutations in the
5’ end of the PPT had modest effects on virus replication in a single-cycle assay. More complex mutations had
stronger effects on virus titer. Analysis of the two-long-terminal-repeat circle junctions derived from infecting
cells with the mutant viruses indicated that the mutations affected RNase H activity, resulting in the retention
of PPT sequences on viral DNA. The mutants tested preferentially retained specific segments of the PPT,
suggesting an effect on cleavage specificity. These results suggest that structural features of the PPT are

important for its recognition and cleavage in vivo.

Human immunodeficiency virus type 1 (HIV-1) reverse tran-
scriptase (RT) is the virally encoded enzyme that converts the
viral genome, which is single-stranded RNA, into double-
stranded DNA (3, 8, 33). This conversion involves a collabo-
ration between the two enzymatic activities of RT: a DNA
polymerase that can use either RNA or DNA as a template
and an RNase H that cleaves RNA if (and only if) it is present
in an RNA/DNA duplex. Both the polymerase and the RNase
H are required for the conversion of the viral RNA genome
into DNA; mutations that inactivate either the polymerase or
RNase H activities block viral replication (24, 27, 29, 30).

HIV-1 RT is a heterodimeric protein consisting of p66 and
p51 subunits (4). Both subunits are derived from the Gag-Pol
polyprotein by cleavage with viral protease. The p66 subunit is
560 amino acids long; the p51 subunit contains the first 440
amino acids of the p66 subunit. The p66 subunit has two
domains, polymerase and RNase H; the C-terminal portion of
p66 forms the RNase H domain. Based on the crystal structure,
the polymerase domain of HIV-1 RT has been likened to a
right hand, composed of fingers, palm, thumb, and connection
subdomains (14). The p51 subunit corresponds closely, but not
exactly, to the polymerase domain of p66. The folding within
each of the subdomains is similar for both subunits, but the
overall spatial arrangement of the subdomains differs between
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p66 and p51 (11, 14). The p66 subunit contains both the poly-
merase and RNase H active sites. The triad of aspartic acid
residues at positions 110, 185, and 186 that form the polymer-
ase active site are present in pS1; however, the smaller subunit
does not contribute directly to the polymerase activity of RT
(17). Based on crystallographic analysis, the RNase H active
site is located ca. 17 to 18 nucleotides away from the polymer-
ase active site; this distance is supported by biochemical ex-
periments (7, 9, 11, 18, 34).

HIV-1 reverse transcription is initiated from a tRNA™*
base paired near the 5’ end of the viral genome at the primer-
binding site (pbs) (reviewed in references 3 and 33). The RNA
genome is positive strand. Viral DNA synthesis is initiated
from a host tRNA whose 3 end is base paired to the viral RNA
genome. DNA synthesis creates an RNA/DNA duplex that is a
substrate for RNase H. The viral genome is terminally redun-
dant, which permits the transfer of negative-strand DNA to the
3" end of viral RNA, allowing negative-strand synthesis to
continue. This creates an RNA/DNA duplex that is cleaved by
RNase H. In general, degradation of the viral RNA is not
sequence specific, and a range of different-sized products is
generated. However, the RNase H of HIV-1 RT does make
some specific cleavages. The removal of the tRNA™*? primer
by HIV-1 RT RNase H occurs one nucleotide from the RNA-
DNA junction (6, 21, 28, 32). This cleavage defines the right
end of the unintegrated viral DNA. The cleavages that gener-
ate and remove the polypurine tract (PPT) primer used to
initiate positive-strand DNA synthesis are also specific. The
PPT primer is completely removed by RNase H, which defines
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the left end of the unintegrated viral DNA. The specificity of
the RNase H cleavages that define the ends of the linear viral
DNA are important for viral replication; these ends are the
substrates for the integration of the DNA into the host ge-
nome, a reaction that is carried out by the viral enzyme inte-
grase.

The crystal structure of HIV-1 RT in a complex with an
RNA/DNA primer template whose sequence was derived from
the PPT has provided information on the interactions of RT
and its template primer (26). The complex of HIV-1 RT and an
RNA/DNA duplex is similar to the complex of HIV-1 RT and
a DNA/DNA duplex; however, there are differences (5, 26). In
a complex with RT, both DNA/DNA and RNA/DNA duplexes
have a bend of ca. 40° 5 to 9 bp from the polymerase active site.
In the DNA/DNA-containing complex, the bend in the nucleic
acid is associated with a transition from A-form to B-form
geometry; a similar transition has been observed in DNA/DNA
substrates bound to other DNA polymerases. The majority of
the contacts between the enzyme and the nucleic acid are near
the polymerase active site, where the nucleic acid geometry is
closer to A-form. Farther from the polymerase active site the
geometry of the DNA/DNA duplex is closer to B-form. The
RNA/DNA duplex adopts a geometry between A form and B
form (H form). In the RT/RNA/DNA complex there are ad-
ditional contacts between the nucleic acid and the protein
relative to the RT/DNA/DNA complex. HIV-1 RT interacts
with several of the 2’ hydroxyl groups of the RNA template.
Near the RNase H active site a network of amino acids inter-
acts with the DNA primer strand. These amino acids, desig-
nated the RNase H primer grip, play a role in positioning the
primer strand relative to the RNase H active site, which helps
determine the specificity of RNase H cleavage. There are mu-
tations in the RNase H primer grip that affect the specificity of
RNase H cleavage in vitro and in vivo (13, 23). Altering the
specificity of RNase H cleavage affects the generation and
removal of the PPT primer used to initiate positive-strand
DNA synthesis. Consequently, some of the linear viral DNAs
generated by these mutant RTs are not appropriate substrates
for integration into the host cell genome. A portion of the
linear viral DNAs that do not integrate are ligated by host
enzymes to form two-long-terminal-repeat (2-LTR) circles
(16). The circle junction contains the ends of the linear viral
DNAs that were ligated to form the 2-LTR circles. We ana-
lyzed the 2-LTR circle junction as a surrogate for the ends of
the linear DNA and showed that mutations in the RNase H
primer grip affect the specificity of the generation (and re-
moval) of the PPT primer used for positive-strand DNA syn-
thesis.

During reverse transcription the PPT must remain resistant
to RNase H degradation long enough to serve as the primer for
positive-strand DNA synthesis. The PPT primer is generated
by two specific cleavages: one at the U-tract—PPT junction and
the other at the PPT-U3 junction (3). A specific cleavage
reaction removes the PPT primer from the viral DNA; this
cleavage occurs at the PPT-U3 junction (RNA-DNA junction).
At least in the complex with HIV-1 RT, the crystal structure of
the PPT portion of the RNA/DNA duplex is unusual (26). The
5" end of the HIV-1 PPT consists of a run of four A residues
and then a G residue; the last three nucleotides (two A’s and
one G) in this region do not exhibit traditional (Watson-Crick)
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Sequence Relative Virus

Titer
WT HIV-1 PPT | AAAAGAAAAGGGGGG 1.00
Abox 1-1 CAAAGAAAAGGGGGG 0.29
Abox 1-2 ACAAGAAAAGGGGGG 0.40
Abox 1-3 AACAGAAAAGGGGGG 0.23
Abox 1-4 AAACGAAAAGGGGGG 0.45
A box 1-5 CACAGAAAAGGGGGG 0.20
A box 1-6 ACACGAAAAGGGGGG 0.45
Multi A box TCATACCATGGGGGG 0.05

FIG. 1. Mutations in the PPT affect viral titer. The left column
shows the name of the different PPT mutants; the middle column
shows the sequences. The top row shows the sequence of the wild-type
PPT. The boxes containing stripes designate the nucleotides that de-
viate from traditional Watson-Crick base pairing in the crystal struc-
ture of HIV-1 RT in a complex with an RNA/DNA duplex derived
from the PPT. Transversion mutations (A to C) were introduced into
the 5" end of the HIV-1 PPT. The mutated bases are shown in bold-
face. Virions containing these mutant PPTs were generated as de-
scribed in Materials and Methods. The effects of the mutations on the
relative virus titer (normalized to p24) are shown in the rightmost
column. The relative titer was determined by averaging at least two
independent experiments for each mutant.

base pairing in the RNA/DNA duplex bound to HIV-1 RT.
The 4 bp adjacent to the RNase H active site are properly base
paired; however, there are two unpaired bases in the RNA/
DNA duplex: one in the primer strand and one in the template
strand. These two unpaired bases shift the base pairing out of
and then back into the normal register. This unusual structure
may be recognized by RT and facilitate the specific cleavages
that generate or remove the PPT primer.

The RNase H cleavage reactions that generate and remove
the PPT have been well characterized in vitro (15, 19, 20, 22,
23). Mutations in the PPT can affect the specificity of RNase H
cleavage in vitro; however, the data are complex (15, 19, 20,
22). In some of the in vitro experiments, the specificity of
PPT-U3 cleavage by HIV-1 RT was affected by mutations in
the 3’ end of the HIV-1 PPT (a run of six G’s) (15). However,
another laboratory reported that mutations in the 5’ end of the
PPT did not affect the specificity of RNase H cleavage at the
PPT-U3 junction (19). Because the mutations were different in
the two studies, the data are difficult to compare directly. We
wanted to determine whether mutations in the 5’ end of the
PPT would affect the generation and/or removal of the PPT
primer in vivo. We introduced single transversion mutations (A
to C) or double transversion mutations into the 5’ end of the
PPT of an HIV-1-based retroviral vector. We also constructed
a vector that has multiple mutations throughout the 5’ end of
the PPT (extending through the G in the fifth position of the
PPT which is in the middle of the eight A’s that form the 5’ end
of the HIV-1 PPT; see Fig. 1). Single and double mutations in
the 5" end of the PPT modestly affected virus titer in a single
cycle of retroviral replication. The virus containing multiple
mutations in the first half of the PPT had a much lower titer
(5% of the wild-type level) than any of the viruses with single
or double mutations in the four distal bases of the PPT. Anal-
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ysis of 2-LTR circle junctions revealed that all of the mutations
in the PPT caused a dramatic increase in the proportion of
2-LTR circle junctions that contain PPT insertions compared
to the wild type. In mutants whose 2-LTR circle junctions were
analyzed, a particular segment of the PPT was retained; the
specific segment was different in the three cases. These results
demonstrate that the sequences in the 5’ end of the PPT are
important determinants for the proper generation and removal
of the PPT primer during viral replication.

MATERIALS AND METHODS

Construction of the BspMI cassettes. The previously described HIV-1-based
plasmid pNLNgoMIVR-E-.HSA was used as a template for PCR amplification
(12). The amplified segment went from the X#oI site located ca. 200 bp upstream
of the PPT (forward primer) to just upstream of the PPT (reverse primer). The
reverse primer introduces an EcoRI site at the 5’ end of the primer and a BspMI
site adjacent to the viral sequences. The sequence of the forward primer is
5'-GACTTGCTCGAGACCTAGAAAAACATGGAG-3', and the sequence of
the reverse primer is 5'-CTGATGAATTCGCGACCTGCCTAAGATCTACA
GCTGCCTTG-3' (containing the EcoRI and BspMI sites). A second PCR was
performed from just downstream of the PPT (forward primer) to a site just
beyond the Pmil site in the LTR (reverse primer). The forward primer included
an EcoRI site at the 5’ end and a BspMI site near the viral sequences. The
sequence of the forward primer is 5'-CTAAGGAATTCGCGACCTGCGGGC
TAATTCACTCCCAAAG-3’ (containing the EcoRI and BspMI sites). The re-
verse primer spans the PmlI site present in the LTR; the sequence of the reverse
primer is 5'-GATGGCCACGTGATGAAATGCTAGGCGG-3'. The PCR prod-
ucts were gel purified, digested with the appropriate set of restriction endonucle-
ases (Xhol-EcoRI or EcoRI-Pmil), and used in a three-piece ligation reaction
with a cloning vector containing XAol and Pmil sites. Sequence analysis of the
plasmid containing the BspMI cassette was performed to ensure that no un-
wanted mutations were introduced during PCR amplification. This plasmid is
called pSKPPT.

Construction of the HIV-1 PPT mutants. Complementary oligonucleotides
containing the desired PPT mutations were synthesized (Biosource Internation-
al). The oligonucleotides were treated with T4 polynucleotide kinase at 37°C for
1 h, and then NaCl was added to a final concentration of 50 mM. The mixture
was placed in a boiling water bath and allowed to cool to room temperature.
After an annealing step, the oligonucleotides were ligated into the pSKPPT
cassette vector that had been digested with BspMI and gel purified. Ligations
were performed overnight at room temperature; the ligation mixture was di-
gested with EcoRI to linearize any residual pSKPPT circular DNA and used to
transform DH5a competent cells. The resulting plasmids contained the desired
mutant PPTs in a segment of the HIV-1 genome that includes the X#ol site
upstream of the PPT and the Pmll site in the LTR. The mutant PPTs were
introduced into the HIV-1-based vector pNLNgoMIVR-E-.HSA by using a
three-piece ligation strategy. The three pieces are from the Xhol site to the Pmil
site, the Pmll site to an Aatll site in the vector, and from the AatIl site to the
Xhol site. The resulting plasmids were analyzed by restriction endonuclease
digestion and DNA sequencing.

Cells. The human embryonal kidney cell line 293 was obtained from the
American Type Culture Collection. The human osteosarcoma cell line HOS was
obtained from Richard Schwartz (Michigan State University, Lansing). 293 and
HOS cells were maintained in Dulbecco modified Eagle medium (Invitrogen)
supplemented with 5% fetal bovine serum, 5% newborn calf serum, and peni-
cillin (50 U/ml) plus streptomycin (50 pg/ml) (Quality Biologicals).

Transfection, infection, and phenotyping protocol. 293 cells were transfected
with 3 pg of pNLNgoMIVR-E-.HSA and 1.5 pg of pHCMV-g (obtained from
Jane Burns, University of California at San Diego) by the calcium phosphate
method. 293 cells were plated in 100-mm-diameter dishes at a density of 1.0 X
10° cells per plate on the day prior to transfection. At this plating density, the
cells were ca. 25% confluent on the day of transfection. The precipitate was
added to the 293 cells dropwise. Fresh medium was added 16 h after transfection.
The 48-h supernatants were harvested and clarified by low-speed centrifugation,
and an aliquot was used to infect HOS cells. The amount of p24 in the super-
natant was determined by using the HIV-1 p24 antigen capture assay kit (AIDS
Vaccine Program, SAIC, Frederick, Md.); the p24 concentration was used to
control for the amount of virus in the samples. HOS cells were plated in 60-mm-
diameter dishes at a density of 1.5 X 10° cells per plate on the day prior to
infection. The virus was allowed to absorb to the cells for 4 h, and then fresh
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medium was added. At 48 h after infection, the cells were harvested from the
plate by treatment with 1.0 ml of EDTA (Invitrogen), an additional 3 ml of
phosphate-buffered saline (PBS) was added, and then the cells were collected by
centrifugation, washed, and resuspended in 200 wl of PBS. The cells were labeled
with phycoerythrin-conjugated rat anti-mouse CD24 monoclonal antibody
(Pharmingen) by standard procedures, fixed with paraformaldehyde, and sub-
jected to fluorescence-activated cell sorting (FACS) to determine the viral titer.

Transfections, infections, and nucleic acid extraction for 2-LTR circle junc-
tion analysis. 293 cells were transfected with 5 pg of pNLNgoMIVR-E- HSA
vector and 3 pg of pHCMV-g by the calcium phosphate method. The medium on
the cells was changed 16 h after infection. The 48-h supernatants were harvested
and clarified by centrifugation, and 4 ml of virus-containing supernatant was used
to infect HOS cells. The supernatants were left on the cells for 4 h, and then fresh
medium was added. The total DNA was isolated from the HOS cells ca. 36 h
after infection by using a viral blood DNA kit (Qiagen).

PCR amplification, cloning, and sequencing of 2-LTR circle junctions. The
2-LTR circle junctions were amplified in 100-pl reactions by using an upstream
PCR primer that anneals near the RUS5 junctions and a downstream primer that
anneals in the U3 region of the LTR. The sequence of the upstream primer was
5'-CGATGAATTCGCTAACTAGGGAACCCACTGCT-3'; the sequence of
the downstream primer was 5'-GCCATTCTAGAGTTCTCTCCTTTATTGGC
CTC-3'. We used 10 pl of DNA and 0.25 pl each of the forward and reverse
primers (100 nM final concentration) with 90 pl of Platinum PCR Supermix
(Invitrogen) in each reaction. The expected product is ca. 350 bp long and has
EcoRI and Xbal cleavage sites introduced by the primers. The PCR products
were digested with EcoRI and Xbal and cloned into SK (Stratagene). The 2-LTR
circle junction clones were analyzed by using restriction enzyme digestion and
DNA sequence analysis.

RESULTS

Mutant PPTs and the effects of mutations on virus titer.
BspMI cassette mutagenesis was used to generate mutations in
the PPT of the HIV-1 vector pNLNgoMIVR-E-HSA (12).
This vector expresses the retroviral gag-pol gene; it also ex-
presses the cell surface marker CD24 (HSA) from the nef
reading frame (31). The sequences of the mutant PPTs are
compared to the wild-type PPT sequence in Fig. 1. Three bases
(two A’s and a G) are mispaired in the crystal structure of
HIV-1 RT in a complex with a RNA/DNA template primer
derived from the PPT. The mispaired bases are indicated in the
figure. Transversion mutations (A to C) were introduced into
each of the four A’s at the 5’ end of the PPT (A box 1-1 to A
box 1-4). This type of mutation should provide a strong base
pair and disrupt the mispairing in the PPT that was seen in the
HIV-1 RT complex. Two mutants were generated that had two
A-to-C transversions (A box 1-5 and 1-6); one mutant was
generated that contained multiple mutations throughout the
nine 5'-most bases of the PPT (multi-A box). Viruses with
genomes containing the mutant PPTs were generated by co-
transfecting plasmids that contain the HIV-1 vector and a
plasmid (pHMCV-g) that expresses the VSV-g envelope gly-
coproteins (2, 35). The virions were used to infect HOS cells
and the cells were stained with anti-CD24 to determine virus
titer by using FACS; the titers were normalized relative to the
amount of p24. All of the mutations in the PPT decreased virus
titer in a one-round replication assay. The single and double
mutations in the first A box decreased the virus titer from 20 to
45% of the wild-type level (see Fig. 1). A mutant containing
multiple mutations throughout the 5’ end of the PPT de-
creased virus titer to about 5% of the wild-type level.

Analysis of 2-LTR circle junctions obtained from infections
with wild-type virus and PPT mutants. Previously, we used the
sequence of the 2-LTR circle junction as a surrogate for the
ends of the linear viral DNA (13). To demonstrate that the



Vou. 77, 2003

Ligation by host cell enzymes

HIV-1 POLYPURINE TRACT MUTATIONS 11153

£ = 2-LTR Circle

u3Rr|us| uslr|us Junction WT-1 | WTrb-1| WTrb-2 | WTrb-3| Ave.
TAGCAGT ACTGGAA Consensus | 0.48 | 0.69 | 0.52 | 0.52 | 0.55
vados varlos Simple PPT | () 04 | 0.05 | 0.06 | 0.05| 0.05
- stortfank | 0.00 | 0.00 | 0.00 | 0.00| 0.00

inserted

valr|us b va rlus| | feek imemsedl 0.01 | 0.00 | 0.02 | 0.01 | 0.01
u3 R|us[] u3/R|Us tRNA inserted] 0.06 | 0.03 0.06 0.09| 0.06
valRus[ T valrlus| | fenarleaderl 0,00 | 0.01 | 0.00 | 0.00| 0.00
u3 Rlus! [usR|us Small deletion| (.20 0.16 0.09 0.18| 0.16
ua/Rr|utl uslR|Us Large deletion| (.10 0.00 0.13 0.05| 0.07
valr|uslf va rlus settion | (0,08 | 0.03 | 0.13 | 0.08| 0.08

FIG. 2. 2-LTR circle junctions obtained after infecting cells with wild-type virus. The top of the figure shows the linear viral DNA that is the
product of reverse transcription. The first column shows the results obtained with the original vector pPNLNgoMIVR-E-.HSA. The wild-type PPT
sequence was reconstructed by using the same BspMI mutagenesis protocol used to construct the PPT mutants, and the reconstructed vector was
sequenced to show, it was identical to the original vector. Three independent experiments were performed that using a rebuilt vector containing
the wild-type PPT; these are designated WTrb in the top of the columns. The pbs is indicated by a white box, the leader sequence downstream
of the pbs is shown with gray dots, the PPT is a box with black horizontal bars, the U-tract is a gray box, and the sequences immediately upstream
of the U-tract are indicated by the box with diagonal bars. The linear viral DNA can be ligated by cellular enzymes in the nucleus of an infected
cell to form a 2-LTR circle. A consensus circle junction is shown at the top. Different categories of aberrant 2-LTR circle junctions are shown. The
underlined “T” is derived from the riboA located at the end of the negative strand; it is derived from the tRNA™** primer used by HIV-1 RT to
initiate negative-strand DNA synthesis. The numbers of samples analyzed were 80 for the parental vector and 64, 64, and 77, respectively, for the

three experiments with the rebuilt vector.

percentage of aberrant 2-LTR circle junctions is reproducible,
we compared the populations obtained from independent ex-
periments with vectors containing the wild-type PPT. The anal-
ysis of the 2-LTR circle junctions is shown in Fig. 2. A Pear-
son’s chi-square test showed that these populations of circle
junctions are homogeneous. The averages for each category of
the 2-LTR circle junction populations are shown in the right-
most column of the figure. When the 2-LTR circle junction
contains the entire sequence of both ends of the linear viral
DNA, this is the consensus 2-LTR circle junction. The 2-LTR
circle junctions displayed a consensus sequence at a frequency
of 0.55. Simple PPT insertions were present at a frequency of
0.05. tRNA insertions were present at a frequency of 0.06. This
is slightly higher than the results we obtained in our initial
experiments; however, the difference is not statistically signif-
icant (13).

Analysis of the 2-LTR circle junctions from the mutants is
shown (Fig. 3). Three independent experiments for the mutant

A box 1-1 are shown to demonstrate the reproducibility of the
assay. 2-LTR circle junctions analysis of A box 1-5, A box 1-6,
and multi-A box are shown. In general, all of the mutants
decreased the proportion of 2-LTR circle junctions containing
a consensus sequence compared to the wild type. The increase
is specifically in the insertion of PPT sequences. A global
chi-square analysis of the mutant populations demonstrated
that they are similar to each other; however, the mutant pop-
ulations are different from the wild-type population. The pro-
portion of junctions containing a consensus sequence is re-
duced in all of the mutants, and the retention of simple PPTs
is significantly increased in all mutant populations with respect
to the wild type (P < 0.01). The populations of tRNA se-
quences at the 2-LTR circle junctions are not statistically dif-
ferent between the mutants and the wild type.

Mutations in the PPT cause different preferred sites of
RNase H cleavage. The sequences of the mutant PPTs are
shown (Fig. 4). The bases that have been changed in the PPT
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u3 R|us| U3 R|US Junction A-box
TAGCAGT ACTGGAA Consensus | 0.35 0.34 |0.30]0.43 | 0.34| 0.44 | 0.55
valRus | vsllus Simple PPT10.27 [0.15]0.23/0.30| 0.32| 0.18 | 0.05
PPT +
valRus B vslrlus| | Short fiank | 0.00 10.00|0.01/0.00{0.00| 0.00 | 0.00
inserted
PPT + Long
3 R|us|[ABE] valR|us| | flank insertea| 0.01 [0.01]0.04]0.00(0.00| 0.01 | 0.01
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U3|R|US| [U3 R|US Small deletion| () 17 {(0.25]0.09/0.08(0.05| 0.10 | 0.16
va Rtk U3 RlUS Large deletion | (.05 [0.05 | 0.06|0.06(0.10| 0.08 | 0.07
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FIG. 3. 2-LTR circle junctions derived from infecting cells with PPT mutants. The pbs is indicated by a white box, the leader sequence
downstream of the pbs is shown with gray dots, the PPT is a box with black horizontal bars, the U-tract is a gray box, and the sequences immediately
upstream of the U-tract are indicated by the box with diagonal bars. This linear viral DNA can be ligated by cellular enzymes in the nucleus of
an infected cell to form a 2-LTR circle. A consensus circle junction is shown at the top. Different categories of aberrant 2-LTR circle junctions
are shown. Three independent experiments were performed with PPT mutant A box 1-1 to demonstrate the reproducibility of the assay. The results
obtained from one experiment are shown for mutants A box 1-5, A box 1-6, and multi-A box.

are indicated by a negative image of the altered base. The
arrows represent the 5" end of the retained PPT segment; and
the height of the arrow is proportional to the number of ob-
servations of that PPT segment in the 2-L'TR circle junctions.
Mutant A box 1-6 and multi-A box retained a specific PPT
segment that was present in nearly 50% of circles containing a
PPT insertion. A common PPT segment was present 29% of
the time and 37% of the time for mutant A box 1-1 and 1-5,
respectively. Even the wild type had a preferred segment of the
PPT that was retained in 25% of the 2-LTR circle junctions
containing PPT insertion. The probability of retention of these
specific PPT segments was analyzed by mathematical simula-
tion where 20 items (the number of wild-type PPTs retained in
our data set) were randomly assigned to 15 bins (the length of
the PPT) to determine whether the retention of the preferred
segment could be explained by chance. The analysis demon-
strated that for the wild-type PPT, a specific site of retention
would be retained by chance in 5 of 20 observations (for the
wild-type PPT, the preferred segment was retained in 5 of the
circle junctions that had a PPT segment), only 7.25 times in
1,000 experiments. The probability is much smaller for the
mutants, in which a specific PPT segment was retained be-
tween 29 and 47%. This suggests that RT has a preferred site

of cleavage within the wild-type PPT and that the mutations we
introduced into the PPT affect the preferred site(s) of PPT
cleavage.

DISCUSSION

HIV-1 vectors containing mutant PPTs were used to deter-
mine the role of sequences in the 5" end of the PPT in the
generation and/or removal of the PPT primer used for posi-
tive-strand DNA synthesis by RT. We are particularly inter-
ested in this segment of the PPT because it is mispaired when
an RNA/DNA duplex containing the PPT is in a complex with
HIV-1 RT. We made transversion mutations (A to C) that
should generate a strong base pair and affect the mispairing
observed in the complex with RT. Single mutations and double
mutations in the first four bases (A boxes 1-1 through 1-6 in
Fig. 1) of the PPT had relatively modest effects on titer (<10-
fold). However, a complex mutation (multi-A box) in the first
nine bases of the PPT substantially impaired infection of HOS
cells (about 20-fold). Analysis of the 2-LTR circle junctions
derived from infecting cells with these A box mutants demon-
strated that the mutant PPTs are retained at a much higher
frequency than the wild-type PPT. However, all of the mutant
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FIG. 4. Sequence of PPTs retained at the 2-LTR circle junction
from vectors containing wild-type PPT or PPT mutants. The sequence
of the PPT for each mutant is shown. The arrows represents the 5’ end
of the retained PPT segment. The segment retained most frequently is
indicated by an asterisk, and the frequency of that particular PPT
segment is given in the column at the right of the figure. The height of
the arrow is proportional to the frequency of observation of each given
PPT segment. The sequences derived from wild-type PPTs also contain
the results obtained in previous studies (which were included to in-
crease the number of observations). Statistical analysis of the proba-
bility of retention of a PPT at each site marked as a preferred cleavage
site indicates that these frequencies of retention at each preferred site
did not occur by chance, the probability for the site of preferred
retention for the wild type was 7.25 in 1,000; the probability for each of
the mutants shown was less (see the text).

PPTs do lead to the generation of 2-LTR circles with the
consensus sequence, showing that even the multi-A box muta-
tions do not prevent some correct cleavage of the PPT.

The PPT is a highly specialized nucleic acid element in the
retroviral genomes. Most of the RNase H cleavages made by
RT are thought to be nonspecific, generating a range of dif-
ferent-sized products. The cleavages that generate (and re-
move) the PPT primer are precise. Since this type of cleavage
specificity is not observed in the general degradation of the
RNA genome, some structural feature of the nucleic acid
forming the PPT must play an important role determining
cleavage specificity. The 5’ end of the PPT is mispaired in the
crystal structure of RT in complex with nucleic acid (26), and
mutations in the 5" end of the PPT affect RNase H cleavage
both in vivo (as shown in the present study) and in vitro (15).
This suggests that RNase H recognizes some special features
of this region of the PPT and that the mutations affect the
ability of RT to appropriately recognize these features and
allow the proper RNase H cleavages to occur. The PPT primer
is (properly) generated by RNase H cleavage at the U-tract—
PPT junction and at the PPT-U3 junction (see Fig. 5A). RT
then extends the PPT primer, using the negative-strand DNA
as the template for polymerization. Normally, the PPT primer
is removed at the RNA-DNA junction; this cleavage must be
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specific to generate the correct end of the linear viral DNA
that serves as the substrate for integration into the host cell
genome.

There are three different ways that a PPT sequence can be
retained in the 2-LTR circle junction. RT can generate the
proper PPT (see Fig. 5B) and use it to initiate positive-strand
DNA synthesis. If RNase H fails to remove part or all of the
PPT, then the PPT sequences remain attached to the U3 DNA,
leading to the retention of PPT sequences at the 2-L'TR circle
junction. In this mechanism, a partial PPT represents a failure
to make a cleavage at the PPT-DNA junction.

Alterations in the cleavage specificity of RNase H (miscleav-
ages) can lead to the presence of a PPT sequences at the
2-LTR circle junction. If the upstream cleavage reaction oc-
curred within the PPT, rather than at the U-tract-PPT junc-
tion, a short PPT would be generated (see Fig. 5C). This short
PPT could have the correct 3" end (from a correct cleavage at
the PPT-U3 junction), but after the initiation of DNA synthesis
the RNA-DNA junction adjacent to the shorter PPT might not
be an efficient substrate for RNase H cleavage, leading to
retention of part or all of this shorter PPT. RT could also
generate a short PPT through miscleavage at the 3’ end of the
PPT (see Fig. SD). RT could use this primer to initiate posi-
tive-strand DNA synthesis. Even if RT removes this primer at
the RNA-DNA junction, a PPT insertion would be generated
because DNA synthesis begins in the PPT.

Model substrates have been used to study the specificity of
RNase H cleavage in vitro (15, 19, 20, 22, 23). Many of these
experiments have focused on the generation of the start site for
DNA synthesis and consequently only monitor the PPT-U3
cleavage step. Although there are experiments that suggest
that mutations in the A box do not alter the specificity of the
PPT-U3 cleavage in vitro, one study shows that multiple mu-
tations in the 5’ end of the PPT did affect cleavage at the
PPT-U3 junction (15). It is difficult to compare the in vitro
experiments with our data, both because the mutations are
different and because we do not know whether an alteration in
the PPT-U3 cleavage is responsible for the retention of the
PPT segment in our experiments; however, the 5" end of the
PPT appears to be important for one (or more) of the specific
cleavages that HIV-1 RNase H must make.

Not only do mutations in the 5’ end of the PPT cause
preferential retention of PPT sequences, the segments that are
retained are different for the various mutants. The minor sites
(nonpreferred) of cleavage (Fig. 4) are dispersed for both the
wild-type and mutant PPTs. However, there is a preferred PPT
segment that is retained from the wild-type PPT. The muta-
tions we studied also lead to the retention of a preferred
segment; however, the various mutations lead to the retention
of different PPT segments. This suggests that RT recognizes a
feature (presumably the structure) of the nucleic acid. Muta-
tions change the structure of the PPT-containing duplex, which
alters the specificity (preferred sites) of RNase H cleavage.
Although the PPT mutations do lead to the retention of spe-
cific PPT segments, the available data are not sufficient to
allow us to understand the underlying rules. In two cases where
there is retention of a specific segment (A box 1-5 and A box
1-6) the 5" end of the piece that is preferentially retained is two
nucleotides 3’ of one of the two C’s introduced into the PPT
(see Fig. 4). However, this is not sufficient to explain how
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A Proper generation of the ppt
U-tract/ppt junction

v ppt

ppt/U3 junction

RNA: 5’AGCCACUUUUUAAAAGAAAAGGGGGGACUGGAAG 3’
DNA: 3'TCGGTGAAAAATTTTCTTTTCCCCCCTGACCTTC 57
Removal of ppt at the ppt/U3 junction
ppt

RNA: 57 AAAAGAAAAGGGGGGACTGGAAG 3’
DNA: 3’ TCGGTGAAAAATTTTCTTTTCCCCCCTGACCTTC 5’

End of U3 correct sk

TGACCTTC

C Improper generation of the ppt: upstream miscleavage

Miscleaved in ppt ppt/U3 junction
ppt
RNA: 5’ AGCCACUUUUUAAAAGAAAAGGGGGGACUGGAAG 3’
DNA: 3" TCGGTGAAAAATTTTCTTTTCCCCCCTGACCTTC 5/
Failure to remove entire ppt
RNA: 5* AAAGGGGGACTGGAAG 3’
DNA: 3’ TCGGTGAAAAATTTTCTTTTCCCCCCTGACCTTC 5/
5 5 GGGGGACTGGAAG
PPT insertion
CCCECTGACCTTE

J. VIROL.

B Proper generation of the ppt

U-tract/ppt junction
ppt

ppt/U3 junction

RNA: 5" AGCCACUUUUUAAAAGAAAAGGGGGGACUGGAAG 3’
DNA: 3’ TCGGTGAAAAATTTTCTTTTCCCCCCTGACCTTC 57
Failure to remove entire ppt
RNA: o AAAAGAAAAGGGGGGACTGGAAG 3’
DNA: 3’ TCGGTGAAAAATTTTCTTTTCCCCCCTGACCTTC 5’
— p GGGGACTGGAAG
Tinsertion  ccceTGACCTTC

D Generation of a “short” ppt: downstream miscleavage

U-tract/ppt junction  Mijscleavage in ppt

v oot v

RNA: 5’ AGCCACUUUUUAARAAGAAAAGGGGGGACUGGAAG 3’
DNA: 3" TCGGTGAAAAATTTTCTTTTCCCCCCTGACCTTC 5'
Removal of short ppt at RNA/DNA junction
ppt ¢
RNA: 5! AAAAGAAAAGGGGGGACTGGAAG 3’
DNA: 3" TCGGTGAAAAATTTTCTTTTCCCCCCTGACCTTC 5’
: AAGGGGGGACTGGAAG
PPT Insertion
TTCCCCCCTGACCTTC

FIG. 5. Mechanisms of retention of PPT sequences. RNAs are shown in green. DNA is shown in blue. Black arrows represent RNase H
cleavages that generate the PPT; red arrows represent RNase H cleavages that remove the PPT. (A) The correct generation and removal of the
PPT produce a DNA with the proper end. The RNase H cleavages that generate the PPT are made at the U-tract-PPT junction and the PPT-U3
junction (black arrows). The 3’ end of the PPT RNA segment is used to initiate positive-strand DNA synthesis. RNase H removes the PPT at the
PPT-U3 junction (red arrow). (B) Failure to remove the entire PPT leads to a complete (or partial) PPT insertion at the 2-LTR circle junction.
The RNase H cleavages that generate the PPT occur at the U-tract-PPT junction and the PPT-U3 junction (black arrows). RNase H fails to
remove the PPT at the PPT-U3 junction but cleaves within the PPT itself (red arrow). (C) Improper generation of the 5" end of the PPT can lead
to a PPT insertion. The cleavage reactions that generate the PPT occur downstream of the U-tract—PPT junction (black arrow). As a consequence,
RNase H fails to remove the entire PPT (red arrow). (D) Generation of a short PPT (3’ miscleavage) leads to PPT insertion at the 2-LTR circle
junction. The 5" end of the PPT is generated at the U-tract-PPT junction; however, the 3’ end is cleaved upstream of the PPT-U3 junction. The
primer is shorter than the correct primer. The short primer is used to initiate positive-strand DNA synthesis and is then removed at the RNA-DNA

junction (red arrow), leading to a PPT insertion.

mutations in the PPT affect PPT cleavage in vivo. The data do
suggest that the mispaired segment seen in the PPT in an
RNA/DNA duplex in a complex with HIV-1 RT is not essential
for the proper generation and removal of the PPT primer. All
of the mutants, including multi-A box, can generate the proper
ends of the viral DNA, albeit at a lower frequency than does
the wild type. It is possible that the mispaired segment con-
tributes to the proper generation and removal of the PPT in
vivo.

Techniques that probe or alter the structure of the nucleic
acid have been used to examine the role of structural distor-
tions in an RNA/DNA duplex containing the PPT in vitro. The
structure of the PPT (in the absence of RT) was analyzed by
potassium permanganate footprinting (15). These experiments
revealed that structural distortions preexist in the nucleic acid
and that distortions are present not only at the first base of U3
but also within the PPT itself. The importance of the unpaired
bases for RNase H cleavage was determined by the incorpo-
ration of non-base-pairing pyrimidine isosteres, which destabi-
lize specific positions in the RNA/DNA duplex (J. W. Rausch,

J. Qu, H. Y. Yi-Brunozzi, Eric T. Kool, and S. F. Le Grice,
unpublished data). The positions of RNase H cleavage were
strongly affected by the substitution of nonpairing isosteres in
the upstream A-tract in the 5’ end of the PPT. Disruption of
other base-paired regions also impaired PPT processing.
Taken together, these data suggest that sequences within (and
adjacent to) the PPT contribute to the structure of the nucleic
acid and to the specificity of RNase H cleavage by RT. This is
consistent with the effects of mutations in the 5’ end of the PPT
affect cleavage specificity in vivo: although the mutations
caused an increase in the miscleavages, there were correct
cleavages of the mutant PPTs, suggesting that multiple regions
of the PPT contribute to the specificity of PPT cleavage.

The rules for PPT selection and/or cleavage may differ be-
tween different retroviruses, but common themes appear to
exist. The PPTs of murine leukemia virus (MLV) and HIV
both contain 6 G’s at the 3’ terminus of the PPT. Mutations in
this G box in the HIV-1 PPT strongly affect the specificity of
RNase H cleavage (19). When mutations in the run of G’s at
the 3’ end of the PPT were present in a pool of MLVs, there
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was a strong selection for the maintenance of the run of G’s
(25). Other elements outside the PPT may also be important
for optimal PPT utilization. Most, if not all, retroviruses have
a U-tract upstream of the PPT. Mutations in this U-tract affect
the replication kinetics of MLV, and deletions in this region
upstream of the PPT lead to the generation of viruses with
aberrant left ends, indicating an affect on RNase H cleavage
specificity (1). Similarly, mutations in the U-tract of simian
immunodeficiency virus impair virus replication in vivo (10).
Since the sequences of the PPTs are similar, it would appear
there are common structural features in these PPTs that ret-
roviral RTs recognize. These various elements must allow
RNase H to properly position itself on the RNA/DNA duplex
and make the precise cleavages. Taken together, the in vivo
and in vitro data suggest that structural features of the PPT
play an important role in the specificity of RNase H cleavage
and, by extension, in the replication of retroviruses.
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